Abstract. During the Devonian period (419 to 359 million years ago), life on Earth witnessed decisive evolutionary breakthroughs, most prominently the colonisation of land by vascular plants and vertebrates. At the same time, it is also a period of major marine extinction events coinciding with marked changes in climate. There is limited knowledge about the causes of these changes and their interactions. It is therefore instructive to explore systematically how the Devonian climate system responds to changes in critical boundary conditions. Here we use coupled climate-model simulations to investigate separately 5 the influence of changes in orbital parameters, continental configuration and vegetation cover on the Devonian climate. Variations of Earth's orbital parameters affect the Devonian climate system, with the warmest climate states at high obliquity and high eccentricity, but the amplitude of global temperature differences is smaller than suggested by an earlier study based on an uncoupled atmosphere model. The prevailing mode of climate variability on decadal to centennial timescales relates to surface air temperature fluctuations in high northern latitudes which are mediated by coupled oscillations involving sea-ice cover, 10 ocean convection and a regional overturning circulation in the Arctic. Furthermore, we find only a small biogeophysical effect of changes in vegetation cover on global climate during the Devonian, and the impact of changes in continental configuration is small as well. Assuming decreasing atmospheric carbon dioxide concentrations throughout the Devonian, we then set up model runs representing the Early, Middle and Late Devonian. Comparing the simulations for these timeslices, the temperature evolution is dominated by the strong decrease in atmospheric carbon dioxide. In particular, the albedo change due to the in-15 crease in land vegetation alone cannot explain the temperature rise found in Late Devonian proxy data which remains difficult to reconcile with reconstructed falling carbon-dioxide levels. Simulated temperatures are significantly lower than estimates based on oxygen-isotope ratios, suggesting a lower δ
Introduction
The Devonian (419 to 359 Ma, 1 Ma = 1 million years ago) is a key period in Earth's history characterised by fundamental changes in the atmosphere, the ocean and the biosphere. With respect to the evolution of life, it is best known for the diversification of fish as well as the colonisation of the continents by vascular plants and vertebrates. Although microbial mats and nonvascular plants could be found on land even before the Devonian (Boyce and Lee, 2017) , the appearance of vascular land 5 plants beginning in the Early and Middle Devonian was certainly an important first step towards modern land ecosystems. By the Late Devonian, vascular plants had vastly diversified, going hand in hand with the evolution of more advanced leaves and root systems (Algeo et al., 1995; Algeo and Scheckler, 1998) . In the ocean, coral stromatoporoid reefs reached their largest extent during the Phanerozoic in the Middle Devonian (Copper and Scotese, 2003) and fish evolved into rich diversity (Dahl et al., 2010) . Finally, in the Late Devonian, the first tetrapods moved from ocean to land (Clack, 2007; Brezinski et al., 2009 ).
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While the Devonian is best known for these evolutionary breakthroughs, it is also a period of species mass extinctions.
The extinction rate during the Devonian is marked by three distinct peaks (Bambach, 2006) , with the highest pulse ranking among the five most severe mass extinctions in Earth's history (Frasnian-Famennian mass extinction, 378-375 Ma, Bambach 2006) . The cause of these extinctions, which mostly took place in the ocean (Bambach, 2006) , is still under debate, as it is challenging to explain the episodic nature and duration of the extinctions (Algeo et al., 1995) . Discussed causes for the 15 Frasnian-Famennian extinction are a bolide impact (McGhee et al., 1984) , volcanic activity (Ma et al., 2016) , changes in sea level (Bond and Wignall, 2008; Ma et al., 2016) , rapid temperature variations (Ma et al., 2016) and the development of ocean anoxic waters (Bond and Wignall, 2008; Ma et al., 2016) .
The multitude of remarkable biospheric changes during the Devonian occurred against a backdrop of considerable changes in atmospheric composition. In particular, carbon dioxide (CO 2 ) concentrations decreased strongly from ∼2,000 ppm to 20 ∼1,000 ppm (Foster et al., 2017) as shown in Fig. 1a . Note that this recent CO 2 compilation agrees with older compilations in the general decreasing trend during this time, but reports lower CO 2 concentrations for the Devonian than older proxy studies (Royer, 2006) ; they are also much lower than the CO 2 concentrations based on the GEOCARB model (Berner, 1994 (Berner, , 2006 ) frequently used in earlier modeling studies. In contrast to the decrease in carbon dioxide, oxygen levels witnessed an exceptionally strong rise about 400 Ma (Dahl et al., 2010) .
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These changes in atmospheric composition, and in particular the drop in atmospheric CO 2 concentrations, also resulted in climatic changes, which in turn affected the biosphere. Indeed, δ
18
O oxygen isotope data (shown in Fig. 1b ) indicate a greenhouse climate in the Early Devonian and much cooler temperatures in the Middle Devonian (Joachimski et al., 2009) . For the Late Devonian, proxy studies (van Geldern et al., 2006; Joachimski et al., 2009) indicate rising temperatures again which are still challenging to reconcile with the decreasing CO 2 concentrations. During the late Famennian, Earth's climate cooled 30 again (Brezinski et al., 2009; Joachimski et al., 2009) , with some studies even indicating glaciations (Caputo, 1985; Caputo et al., 2008; Brezinski et al., 2008 Brezinski et al., , 2009 . Whether this is accompanied by a sea-level transgression linked to the development of ocean anoxic conditions (Johnson et al., 1985; Bond and Wignall, 2008) or a sea-level drop (Sandberg et al., 2002; Haq Age [Ma] 18 O values from conodont apatite from Joachimski et al. (2009) , but using a different NBS120c standard for calibration (Lécuyer et al., 2003) . Note the inverted scale on the y axis since an increase in δ 18 O translates in a temperature decrease. The light pink shading indicates the time intervals of the three Devonian periods of mass extinction: the late Givetian extinction from 389 to 385 Ma, the Frasnian-Famennian extinction (or Kellwasser event) from 378 to 375 Ma, and the Late Famennian extinction (Hangenberg event) from 364 to 359 Ma (Bambach, 2006) .
and Schutter, 2008; Ma et al., 2016 ) is still debated, but there is consent that the Late Devonian was a period of fast sea-level variations (Johnson et al., 1985; Sandberg et al., 2002; Haq and Schutter, 2008; Brezinski et al., 2009; Ma et al., 2016) .
As any other period in Earth's history, the 60 million years spanning the Devonian are not only characterised by long-term changes in temperature, but also by large fluctuations in temperature around these longer-term trends (see Fig. 1b ). Furthermore, there are several studies stressing the importance of astronomical forcing for the climate during the Devonian. The geologic record of the Devonian shows cyclic structures (De Vleeschouwer et al., 2013 which can be interpreted as the result of astronomical cycles according to Milankovitch theory (Milankovitch, 1941) . The configuration of Earth's orbit and rotational 5 axis determines the total amount as well as the spatial and temporal distribution of solar radiation, and therefore impacts climate. In addition, identifying astronomical cycles in the geologic record can help assigning a timescale to cyclic features observed in the geologic record, and thus a timescale for palaeoclimatic changes (De Vleeschouwer et al., 2013 , 2014 .
In an effort to link the changes in the various components of the Devonian Earth system, there are several studies investigating potential connections between land plant evolution, climate change and the oceanic mass extinction (Berner, 1994; Algeo et al., 10 1995; Algeo and Scheckler, 1998; Godderis and Joachimski, 2004; Simon et al., 2007; Le Hir et al., 2011) . It is suggested, for example, that the increase of weathering due to the spreading of plants on land could have been a cause of the decrease in carbon dioxide (Algeo et al., 1995; Algeo and Scheckler, 1998; Berner, 2006) . Additionally, the increased weathering rates could have lead to a higher transport of phosphorus to the ocean, promoting eutrophication with its negative consequences for life in the ocean (Algeo et al., 1995; Algeo and Scheckler, 1998) .
15
Given the multitude of changes in the Earth system during the Devonian and the intricate coupling of atmosphere, ocean and biosphere, it is challenging to disentangle causes and effects and to determine which forcings are most important for Devonian climate change. In this study, we test the sensitivity of the Devonian climate to different forcings in order to quantify their relevance. We therefore set up simulations with a coupled ocean-atmosphere model considering three different continental configurations representing the Early, Middle and Late Devonian. In addition, changes in the solar constant, in atmospheric 20 carbon dioxide concentrations, in orbital parameters and in the spatial distribution of vegetation are systematically tested. Concerning the influence of land plants, this study focuses on their impact on the climate via biogeophysical effects, in particular changes in albedo and evapotranspiration.
This paper is organised as follows. Section 2 describes the coupled climate model used in this study, the boundary conditions for the Devonian as well as the various sensitivity experiments. Results from these simulations are presented and discussed in 25 Section 3, including an ocean-sea-ice mechanism resulting in climate oscillations at high northern latitudes and "best-guess" simulations for climate states which could be considered typical for the Early, Middle and Late Devonian, respectively, in terms of their continental configuration, vegetation cover, solar constant and carbon-dioxide concentration. Finally, Section 4 summarises our key findings and briefly discusses the broader implications of our results.
2 Modeling set-up 
Model description
To be able to assess the sensitivity of the Devonian climate to a wide range of parameters, we use a relatively fast coupled Earth-system model of intermediate complexity (Montoya et al., 2005 Table 1 . Overview of simulations investigating the sensitivity of the Devonian climate system to various parameters. Settings for the continental configuration, the solar constant S, the atmospheric CO2 concentration, the vegetation distribution, the obliquity ε of Earth's axis, the eccentricity e of its orbit and the precession angle ω are listed for all simulations.
the ocean general circulation model MOM3 (Pacanowski and Griffies, 1999; Hofmann and Morales Maqueda, 2006) used at a horizontal resolution of 3.75
• with 24 vertical levels. The coupled model further includes a dynamic/thermodynamic sea-ice model (Fichefet and Morales Maqueda, 1997) operated at the resolution of the ocean model, and a fast statisticaldynamical atmosphere model (Petoukhov et al., 2000) with a coarse spatial resolution of 22.5
• in longitude and 7.5
• in latitude.
All simulations are integrated for 4,000 model years until climate equilibrium is approached. 
Boundary conditions and design of the numerical experiments
The main aim of this study is to investigate the sensitivity of Earth's climate system to changes in continental configuration, orbital parameters as well as vegetation distributions and to provide "best-guess" simulations for the Early, Middle and Late Devonian which are based on the most likely boundary conditions in terms of the distributions of continents and vegetation, the solar constant and the atmospheric carbon-dioxide levels. The design of all experiments is briefly described in the following and summarised in Table 1 . In order to facilitate comparisons, we keep as many boundary conditions as possible fixed for the different sensitivity tests. All sensitivity experiments (except for the best-guess simulations) are therefore run with a fixed carbon dioxide concentration of 1500 ppm (Foster et al., 2017) , and a solar constant of S = 1319.1 Wm (Bahcall et al., 2001 ).
Continental configurations
To test the influence of the continental configuration on the Devonian climate, we set up three model runs with idealised orbital parameters (obliquity ε = 23.5
• , eccentricity e = 0) and use continental configurations representing the Early Devonian Table 1 .
Vegetation distributions
The biogeophysical influence of spreading vascular land plants is investigated by different (idealised) distributions of vegetation. These are roughly representative of the situation during the Early, Middle and Late Devonian (and will thus be also used in the best-guess simulations described in Section 2.2.4). The sensitivity experiments with respect to the effect of vegetation 20 cover alone, however, use the continental configuration of 360 Ma to isolate the biogeophysical effect of vegetation cover from the changes due to the continental configuration.
For the very Early Devonian, we assume that there are only very few land plants; therefore, the land surface type in the model is set to bare land throughout.
By the Middle Devonian, the first vascular land plants had colonised the continents, but these early land plants had shallow 25 roots and could therefore only grow close to water. Thus, we simulate vegetation as grass (shrub) vegetation close to the coast for the Middle Devonian. Specifically, we assume 80% grass-like vegetation cover in areas lower than 500 m in altitude and closer than 500 km to the coast. Note that grass has evolved much later in Earth's history and that the grass-like surface type in our model approximates the basic biogeophysical properties of any shrub-like vegetation.
For the Late Devonian, we add more widespread vegetation including trees. For this model set-up, coastal areas lower than 30 500 m in altitude and closer than 500 km to the coast are covered by 60% of grass and 20% of trees, areas up to 1,500 m in altitude and between 500 and 1,000 km distance from the coast by 40% grass and 40% trees, and areas with a maximum elevation of 1,500 m and a coastal distance between 1,000 km and 1,500 km by 30% grass and 30% trees. and idealised orbital configurations, see also Table 1 .
Orbital parameters
To find out how changing orbital configurations influence climate, a large set of 51 simulations is performed for obliquity , a carbon dioxide concentration of 1500 ppm and bare land, see Table 1 . Note that our simulations are equilibrium simulations, i.e. we do not simulate transient changes through the Milankovitch cycles.
Best-guess simulations
Finally, for the Early, Middle and Late Devonian we perform a set of three best-guess simulations, representing the most 15 likely state of the variables for the appropriate timeslice. Orbital parameters are set to idealised values (obliquity ε = 23.5
• , eccentricity e = 0), see Table 1 . 
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The solar constant is adjusted for each Devonian timeslice based on the best estimate (Kopp and Lean, 2011) for the present-day solar constant of 1361 Wm
and standard solar evolution (Bahcall et al., 2001) , yielding values of 1315. , bare land, idealised orbital parameters; see Table 1 and Section 2.2.1). We compare three simulations using the continental configurations shown in Fig. 2 CO 2 concentration as we will show below (see Section 3.5). Differences in orography between the three timeslices can mostly explain the temperature differences. Furthermore, shifts in the distribution of land and ocean areas as well as changes in ocean circulation likely contribute to the temperature differences.
The influence of the different distribution of land and ocean areas for the three continental configurations are most pronounced in the seasonal temperature differences in the southern high latitudes (see Fig. 3 ): During southern summer (DJF, 15 maximum solar flux on the South Pole, Fig. 3a ), land areas warm faster than ocean areas due to the higher heat capacity of the ocean. In contrast, during southern winter (JJA, minimum solar flux on the South Pole, Fig. 3b ), ocean areas are much warmer as they store heat better. As the distribution of land and ocean areas at the South Pole are incongruent when comparing the continental configuration of the Early Devonian with the later ones, we find strong differences in the temperature distribution for the summer months as well as for the winter months for the surface air temperature difference of 360 Ma and 415 Ma, in 20 agreement with the land-ocean distribution shown in Fig. 2b and f.
Influence of vegetation
To assess the potential climate impact of the colonisation of the land by vascular plants during the Late Devonian, we investigate the sensitivity of the climate to the biogeophysical effects of different vegetation distributions (bare land, coastal shrub, trees, see Section 2.2.2).
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The differences in vegetation do not strongly influence the global mean surface air temperature (20.8
• C for bare land, 20.7
• C for coastal shrub, and 20.9
• C for trees), but result in regional temperature differences on land. The global mean continental temperature is 17.2
• C for bare land, 16.4
• C for coastal shrub, and 15.6
• C for trees. Figure 4 shows maps of the differences of the coastal shrub and bare land case as well as the differences of the tree and coastal shrub case for surface air temperature, evaporation, surface albedo and atmospheric water content. An analysis of these patterns helps to understand the physical 30 causes of the temperature differences between the different vegetation covers.
Comparing the maps of surface air temperature, evaporation and surface albedo differences, it is evident that differences in evaporation control temperature differences over land for the coastal shrub and bare land case. For the continental temperature differences of tree and coastal shrub case, this is only the case from the equator to 60
• S and on the Northern Hemisphere.
Stronger evaporation for grass compared to bare land and for trees compared to coastal shrub results in cooler temperatures.
This trend is in agreement with the climatic effect of modern tropical forests (Betts, 2000; Bonan, 2008) . The effects of modern temperate forests are very uncertain; for modern boreal forests the negative climate forcing of evaporation is counteracted by the low albedo (Betts, 2000; Bonan, 2008) . In the Devonian, continents are covered by snow at higher southern latitudes 5 which reduces differences in evaporation, and therefore albedo differences control differences in temperature: continental temperatures are higher for the tree case for high southern latitudes.
Ocean temperatures are warmer for the tree than for the coastal shrub case. The atmospheric water content of the atmosphere is increased for the tree case compared to the coastal shrub case (Fig. 4 g and h) . Although this is a global trend, it dominates surface air temperature differences only for oceanic regions: it leads to an increased greenhouse effect, resulting in higher 10 surface air temperatures. For the continental regions, this effect is counteracted by the evaporative cooling described above.
The atmospheric water content difference also determines oceanic surface air temperature difference for the coastal shrub minus bare case. However, in this case, the atmospheric water content is increased by coastal shrub over continents and the ocean in the Southern Hemisphere. In contrast, an increase over the ocean in the Northern Hemisphere is not found. We attribute this to the weaker influence of shrub-like vegetation on evaporation. Late Devonian), they find an almost unchanged temperature of 23.4
• C and 23.5
• C for the Early and Middle Devonian and, considering the strong CO 2 decrease, the temperature decrease to 22.2
• C for the Late Devonian is small. They conclude that the decrease in albedo accompanying the evolution of land plants is counteracting the carbon dioxide decrease. In contrast to our simulations, however, they use relatively high values for the bare soil albedo (0.24 vs. 0.14 in the visible and 0.40 vs. 0.22 in the infrared), whereas their albedo values for vegetation differ only marginally from ours.
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To investigate the impact of the choice of albedo for the different surface types, we repeat our three vegetation simulations with the albedo values used in Le Hir et al. (2011) . The higher albedo values, and in particularly the significantly higher bare soil albedo, result in reduced temperatures and increased differences between the bare, coastal shrub and tree simulation. Indeed, the bare soil simulation is now the coldest one (18.8 comparatively high whereas our choice is relatively low; the two studies therefore effectively sample the plausible range of the albedo effect. Depending on the land albedo before colonisation by vascular plants, albedo changes due to spreading vegetation during the Devonian could therefore have counteracted the CO 2 decrease to some degree . Note, however, that albedo might in reality not have changed too much due to the presence of microbial mats (Boyce and Lee, 2017 ).
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It is important to bear in mind that, in addition to this biogeophysical effects, changes in the weathering process due to the evolution of deeper roots strongly influence the carbon cycle and therefore climate. Hence, these results only give a rough idea of the influence of the land plant evolution on climate, the combined effect of vegetation distribution and decreased CO 2 concentration is discussed in the context of the best-guess simulations, described in Section 3.5.
Influence of orbital configuration
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As a third sensitivity test, we investigate the influence of orbital configuration on the Devonian climate using simulations for a range of different orbital parameters while keeping all other boundary conditions fixed (continental configuration for 380 Ma, carbon dioxide concentration 1500 ppm, solar constant 1319.1 Wm of solar radiation, the strong southward shift of the continents amplifies the stronger seasonal insolation at the South Pole for
higher obliquity values, resulting in higher global annual mean surface air temperatures.
Concerning the influence of the shape of Earth's elliptical orbit on the Devonian climate, global annual mean surface air temperatures increase with eccentricity due to the higher annual mean insolation for more eccentric orbits. Surface air temperature differences for different precession angles are negligible in our sensitivity experiments. and a CO 2 concentration of 2180 ppm. Note that both these values are higher than the ones used in our simulations.
Except for a small eccentricity offset of the coldest state and a slight dependence on precession, De Vleeschouwer et al.
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(2014) also find that global mean temperature increases with obliquity and eccentricity. However, they report significantly larger temperature variations with orbital parameters. Indeed, their coldest state for low obliquity and eccentricity has a global mean temperature of 19.5
• C (1.5
• C lower than our value for corresponding orbital parameters), while their warmest state for high obliquity and eccentricity has a temperature of 27
• C values (more than 5
• C higher than the warmest state in our simulations). This discrepancy can be mostly attributed to the slab ocean model used by De Vleeschouwer et al. (2014) , since their model uses the same prescribed ocean heat transport for all orbital configurations. In our simulations including ocean dynamics, we find that meridional ocean heat transport largely compensates for seasonal and regional differences in insolation caused by changes in orbital parameters.
Note that the differences in climate between orbital configurations might be larger in reality than in our idealised simulations 5 at fixed carbon dioxide levels due to feedbacks involving the carbon cycle.
Flips between two climate states in the Arctic
The dominant mode of variability on centennial timescales in our model simulations of the Devonian climate relates to quasiperiodic variations in the global mean surface temperature on the order of 0.2
• C with an average periodicity of about 300 years.
As an example, Fig. 6a shows these variations for a representative time period in one of our sensitivity simulations. These (Fig. 6b ).
These flips between cold and warm climate states in the Arctic can be attributed to coupled changes in sea-ice cover (shown in Fig. 6b ), ocean convection and ocean overturning (Fig. 6c) in the region around the North Pole. A schematic overview of 15 the mechanism is shown in Fig. 7 and described in more detail in the following. During the discussion we will often refer to Fig. 8 where salinity, northern sea-ice cover, ocean surface velocities and the mixed layer depth are shown for the warm mode, the cold mode and the two transition states.
During the warm mode (Fig. 8a-c • N, which promotes the recurrence of sea-ice formation and thus the transition from the warm into the cold mode ( Fig. 8d-f ). As seasonal sea ice grows, deep convection at the North Pole weakens and ultimately ceases because the layer of sea ice inhibits heat losses from sea surface. As a consequence, the ArcMOC collapses (Fig. 6c) and the system lapses into the cold mode.
Within the time interval of the cold mode ( Fig. 8g-i) , the formation of seasonal sea ice in the Arctic leads to a lowering of 30 the sea surface salinity (SSS) around the North Pole caused by the impacts of brine rejection during sea-ice formation and a freshening of sea surface waters during its melting period (Bouttes et al., 2010) . Consequently, the cold mode is characterised by a shallow mixed layer and strong stratification of Polar water masses where cold and relatively fresh water lies above warmer However, due to deviations from perfect circular symmetry of water mass properties around the North Pole, the cold mode is unstable, and the system begins the transition back into the warm mode ( Fig. 8j-l) . As sea ice forms and melts over the years, the relatively fresh surface water layer accumulating around the North Pole spreads slightly asymmetrically towards 5 the south. Therefore, the concomitant formation of a meandering density front within the latitudinal band between 60
• N and
80
• N reshapes the dynamic free surface η according to the geostrophical balance (Marshall and Plumb, 2008) . The resulting deflection of the circular flow from lower latitudes of around 60
• N towards the North Pole drives patches of highly saline surface water masses towards the Pole. open ocean convection at the pole and the restart of the ArcMOC, thus switching the system back into the warm mode.
Oscillations like the one described here could in principle also result from numerical instabilities caused by a long simulation timestep (12 h by default), the splitting of tracer and dynamic timesteps employed in our ocean model (Montoya et al., 2005) or by rounding errors due to optimisation during code compilation. We have performed a large set of test experiments including 5 simulations with short timesteps (as low as 1 h) and without splitting of ocean timesteps, experiments on different platforms and with different compiler versions and optimisation settings to verify that the oscillations described above are a real phenomenon rather than a numerical artefact.
Our results suggest that similar modes of climate variability could be a more general feature of climate states with open water at one pole provided that the global energy balance allows this pole to be seasonally free of sea-ice. The global cooling over the Devonian seen in the set of best-guess simulations only partly reflects the observed trend of decreasing temperatures caused purely by changes in the continental configurations (see Section 3.1), but is dominantly driven by the strong decrease in CO 2 concentrations which are reduced by a factor of two from the Early Devonian to the Late Devonian. In contrast, the solar constant increased throughout the Devonian and therefore partly counteracted the cooling 20 caused by the decreased CO 2 concentration. The influence of differences in vegetation cover, as described in Section 3.2, can be neglected compared to the temperature changes induced by the change in CO 2 concentration and solar constant.
Regional surface air temperatures are shown in Fig. 9 . One of the more prominent features on these maps is a warm region in the tropics around 180
• in longitude on the western continental margin, which is most pronounced for the Early Devonian simulation (see Fig. 9a ). This warm patch with increased precipitation (not shown) is connected to the orographic features of 25 the Laurussian continent: The mountain range in the continent's interior influences atmospheric circulation and intensifies and enlarges the intertropical convergence zone's low-pressure areas. On the mountains' eastern margin, humid air is transported from the ocean and leads to increased precipitation which results in an increase in latent heat.
In their modeling study investigating the impact of orbital forcing on the Devonian climate (see Section 3.3) De Vleeschouwer et al. (2014) also provide maps of DJF and JJA surface temperatures for a Late Devonian median orbit (ε = 23.5
• and e = 0) 30 climate simulation. Keeping in mind that they use higher values for the CO 2 concentration and the solar constant, the patterns agree well with our Late Devonian simulation.
In the following we compare temperatures derived from our best-guess simulations with available proxy data. (Lécuyer et al., 2003 (Lécuyer et al., , 2013 . Together with the fact that these very high SSTs are beyond the mortality limit for diverse marine life (van Geldern et al., 2006) even for high bare-soil albedo values, the effect of a decreasing albedo caused by the evolution of land plants is not strong enough to counteract the cooling effect of the decreasing CO 2 as suggested by Le Hir et al. (2011) . Hence, like other modeling studies (Simon et al., 2007) , our model results do not support the higher temperatures of the late Frasnian and early Famennian compared to the Middle Devonian, suggested by SST proxy data (Joachimski et al., 2009; van Geldern et al., 2006) and palaeontological studies (Streel et al., 2000) . 
Conclusions
In a first attempt to disentangle the various factors influencing Earth's climate during the Devonian, we have systematically performed and analysed a large set of sensitivity simulations with a coupled climate model, focussing in particular on the impact of changes in continental configuration, the biogeophysical effects of increasing vegetation cover and variations related to Earth's orbital parameters. The key findings of our paper can be summarised as follows: 5 1. The impact of changes in orbital parameters (at a fixed CO 2 concentration) on the climate is in line with the findings of De Vleeschouwer et al. (2014) in the sense that annual global mean temperature increases with obliquity and eccentricity. However, the differences in global mean temperature are much smaller in our simulations using an ocean general circulation model (rather than a simple ocean model with fixed heat transport) because of changes in ocean heat transport counteracting the insolation changes. Our results on the Devonian climate highlight that much remains to be done to improve our understanding of this crucial period. Open issues include a better quantification of the biogeochemical impact of the spread of vascular land plants, the puzzling warming at the beginning of the Late Devonian despite falling atmospheric carbon-dioxide levels and the interplay between terrestrial changes and the marine extinction events.
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